The essential requirements that hearing protectors need to fulfil as personal protective equipment are evaluated in Argentina through a series of IRAM (Instituto Argentino de Normalización y Certificación) standards. In particular, IRAM 4060-3 (equivalent to ISO 4869-3:2007) standard specifies a simplified method for the measurement of insertion loss (IL) of earmuff type protectors. This method can be used to test occasional performance differences on manufacturing, as part of type approval or certification procedures, and to investigate performance variations due to product aging. The IL of a hearing protector is commonly obtained using systems based on broadband pink noise (BPN) signals. This paper analyzes and compares the IL of eight different hearing protectors obtained with this technique and with an impulse response measurement based system. The results show that both techniques present similar IL values, within the dispersion range expected for this test. Also, the impulse response system reduces the test execution time, and proved to be robust, reliable and economical.
Measurement of insertion loss of ear-muff type protectors using the impulse response technique 1 Introduction
Hearing protectors' quality control requires the application of standardized acoustic and physical testing methods. This methodology allows comparing performance data and functional behaviour obtained from different laboratories under similar conditions. In addition, this information can be used to classify and select different brands and models, as well as to assess design and constructive features that influence hearing protectors' performance. In particular, Argentine IRAM 4060-3 standard (equivalent to ISO 4869-3:2007) specifies a simplified method for the measurement of insertion loss (IL) of ear-muff type protectors [1] [2] . This method can be used to test occasional performance differences on manufacturing, as part of type approval or certification procedures, and to investigate performance variations due to product aging. This paper firstly explains the conditions and test procedures applied to obtain the IL according to IRAM 4060-3. Then, it examines the IL values obtained using the impulse response technique and compares them with those obtained using the traditional broadband pink noise technique (BPN). The analysis are based on measurements of eight different hearing protectors, including headband ear-muffs, neckband ear-muffs and ear-muffs attached to an industrial safety helmet.
Insertion loss
IRAM 4060-3 standard defines the IL as the algebraic difference, expressed in decibels, between the one-third-octave-band sound pressure level (SPL) measured by the microphone of an acoustic test fixture (ATF) with the hearing protector mounted and without it. Equation number (1) shows this:
Therefore, the IL of a hearing protector could be considered as a measure of its sound attenuation, but the performance data obtained by this method are not intended to be quoted as representing the real-ear sound attenuation of an ear-muff. The major objective of this test is to ensure that ear-muff samples submitted for the subjective testing of attenuation according to IRAM 4060-1 have performances typical of the type [3] . IRAM 4126 standard specifies the requirements that the IL results must fulfil in order to certify the product quality [4] . These requirements define the IL standard deviations that may be observed in the one-third-octave bands, when measuring 10 samples (20 ear-cups) of a particular ear-muff. Paragraph number 5 
Acoustic Test Fixture
The ATF is a cylindrical device made of non-magnetic material, with similar dimensions to an average size adult human head. It includes a pressure-operated microphone placed in one end face of the ATF, with its centre coinciding with the centre axis of the cylinder. The ATF allows an ear-muff to be placed properly by positioning one ear-cup of the hearing protector over the measuring microphone and its headband or head-strap over a headband support. When measuring ear-muffs attached to an industrial safety helmet the headband support is replaced with a helmet support. 
Test site
The test sound field shall be either a random incidence field or a plane progressive wave field. In the first one, the sound arrives at microphone from any direction with equal probability, distributing its sound pressure uniformly around the ATF [5] . In the second one the acoustic waves arrive with grazing incidence on the end faces of the ATF. In both cases the background noise level at the test site, measured in one-third-octave-band with the microphone placed at the reference point, shall be at least 10 dB lower than the SPL of the test signal.
Measuring system
Diverse measuring systems may be used for this test. Such systems may be based on broadband pink noise signals, maximum length sequences, impulse response measurements, etc. Regardless of the measuring system used, the analysis shall give the IL in one-third-octave bands according to IEC 61620. The frequency range for this analysis may differ depending on IL measurement main objective. IRAM 4060-3 suggests it shall be at least from 63 Hz to 8000 
Insertion loss with impulse response method
The impulse response characterizes a linear time-invariant (LTI) system in the time domain, while the frequency response characterizes an LTI system in the frequency domain [6] . There are two methods for measuring a system impulse response: direct or indirect. Direct method uses an excitation signal with impulsive characteristics (e.g. gunshots, balloon explosions) and the impulse response is obtained directly, recording the output signal. The main problems with this method are its poor repeatability and its low signal to noise ratio, both inherent to an impulsive stimulus source [7] . Indirect method uses continuous-time signals at the system input, obtaining the impulse response by post-processing the input and output signal [8] .
This work seeks to obtain the impulse response of the whole IL measuring system through the indirect method, with the hearing protector placed on the ATF and without it. Thus, the frequency response could be calculated using the Fourier Transform in both cases and the IL is obtained as the difference between them. Figure 2 shows the block diagram of the measuring system used for this purpose. Three types of excitation signals were used to examine the IL measurements: lineal and exponential sine sweeps (LSW and ESW, respectively) and maximum length sequences (MLS). The first ones are time-growing frequency sweeps which allow obtaining the impulse response by the convolution between the output signal and the inverse filter of the excitation signal. MLS is a pseudo-random signal having almost the same stochastic properties as a pure white noise. In this case, the impulse response is calculated as the cross-correlation between the output and input signals [9] .
The IL measurements obtained with the impulse response technique were compared with those obtained with the BPN technique. This last technique is commonly used, primarily because it was a specific requirement concerning the measuring system in past versions of IRAM 4060-3 
Results
This section presents a comparative analysis between the results obtained. Figures 3 to 10 show the differences expressed in dB for the IL measured through impulse response technique, with the three excitation signals (MLS, LSW and ESW) and for the eight hearing protectors under test, compared with the IL values obtained through the traditional BPN technique. The frequency range analyzed is the one suggested by IRAM 4126 for certification purposes (250 Hz ~ 8000 Hz). Every IL value shown is the result of averaging three different measurements. This is necessary because the IL depends not only on the hearing protector but also on its fitting over the ATF [1] . Typical uncertainties of this kind of measurements shall be considered in order to properly weight the differences observed. Uncertainties in the measurement of the IL can arise from different sources, such as the uncertainty in the measurement of the SPL, the uncertainty in the test signal generator, fitting of the hearing protector on the ATF, etc [1] . For samples 1 to 7, the results of the complete IL test (20 ear-cups from 10 samples, measured with the BPN technique) and its associated expanded uncertainty (U 95% ) in accordance with IRAM 4126 were available. Table 2 shows the values and frequencies where the maximum U 95% was observed in each sample. 
